We have studied systematically the chemical trends of the band-gap pressure coefficients of all group IV, III-V, and II-VI semiconductors using first-principles band-structure method. We have also calculated the individual ''absolute'' deformation potentials of the valence-band maximum ͑VBM͒ and conduction-band minimum ͑CBM͒. We find that ͑1͒ the volume deformation potentials of the ⌫ 6c CBM are usually large and always negative, while ͑2͒ the volume deformation potentials of the ⌫ 8v VBM state are usually small and negative for compounds containing occupied valence d state but positive for compounds without occupied valence d orbitals. Regarding the chemical trends of the band-gap pressure coefficients, we find that ͑3͒ a p ⌫Ϫ⌫ decreases as the ionicity increases ͑e.g., from Ge˜GaAs˜ZnSe͒, ͑4͒ a p ⌫Ϫ⌫ increases significantly as anion atomic number increases ͑e.g., from GaN˜GaP˜GaAs˜GaSb͒, ͑5͒ a p ⌫Ϫ⌫ decreases slightly as cation atomic number increases ͑e.g., from AlAs˜GaAs˜InAs͒, ͑6͒ the variation of a p ⌫ϪL are relatively small and follow similar trends as a p ⌫Ϫ⌫ , and ͑7͒ the magnitude of a p ⌫ϪX are small and usually negative, but are sometimes slightly positive for compounds containing first-row elements. Our calculated chemical trends are explained in terms of the energy levels of the atomic valence orbitals and coupling between these orbital. In light of the above, we suggest that ''empirical rule'' of the pressure coefficients should be modified.
I. INTRODUCTION
The pressure ͑p͒ coefficient a p ␣ ϭ dE ␣ dp ͑1͒
of an interband transition ␣ ͑e.g., ⌫ 8v˜⌫ 6c , ⌫ 8v˜L 6c , ⌫ 8v˜X 6c ͒ in a semiconductor is related to the volume (v) deformation potential
via the bulk modulus BϭϪdp/d ln v through the relation
For semiconductors with the diamond and zinc-blende structures, the accumulated knowledge distilled from many measurements of a p ␣ for the main interband transitions were summarized by William Paul 1,2 in the ''empirical rules of the pressure coefficients,'' namely that for a fixed interband transition type ␣, the pressure coefficient a p ␣ is nearly constant for all tetrahedral semiconductors; the main dependence is on the transition type ␣. For ␣ϭ⌫ 8v˜⌫ 6c transition a p ⌫Ϫ⌫ is of the order of 10 meV/kbar, for ␣ϭ⌫ 8v˜L 6c transition a p ⌫Ϫ⌫ is near 5 meV/kbar, and for ␣ϭ⌫ 8v˜X 6c transition a p ⌫ϪX is around Ϫ1 or Ϫ2 meV/kbar. This ''empirical rule'' has been used successfully in the past to identify from highpressure optical experiment the symmetry of optical transitions in semiconductors [2] [3] [4] and to determine the band offset at zinc-blende semiconductor interfaces. 5 However, a closer look at the currently available experimental data [6] [7] [8] [9] [10] [11] [12] [13] indicates that the validity of the ''empirical rule'' is rather questionable. For example, the pressure coefficient of a p ⌫Ϫ⌫ changes significantly with anion, from ϳ4 meV/kbar for GaN to ϳ10 meV/kbar for GaP to ϳ14 meV/kbar for GaSb. Since, however, the available experimental pressure coefficients a p sometimes have a large spread, it is difficult to assess the chemical trends of the pressure coefficients without either a systematic measurements or systematic calculations.
The other issue in this field is to determine how much of the band-gap deformation a p ␣ comes from the valence band and how much comes from the conduction band. [14] [15] [16] [17] This information is crucial in assessing quantum confinement for holes, and separately for electrons in heterostructure. It is customary 18, 19 to assumed that the volume deformation potentials a v VBM of the valence-band maximum ͑VBM͒ state ⌫ 8v are positive, i.e., that the energy of the VBM state decreases as the volume decreases. This is based on the argument that the VBM state is a ''bonding'' state of anion p and cation p orbitals. 20 However, assuming the deep impurity pinning rule, 21 experimental measurements 22, 23 find that a v VBM are negative for the III-V semiconductors GaAs and InP. Theoretical calculations of the absolute deformation potentials also give contradictory results. For example, using dielectric midgap energy model Cardona and Christensen 15 find that a v VBM is always negative, while using the modelsolid theory, Van de Walle 16 finds that a v VBM is always positive.
In this paper, we test the validity of the ''empirical rule'' and study the chemical trends of the band-gap pressure co-efficients by systematically calculating the pressure coefficients for all group IV, III-V, and II-VI semiconductors. We also calculate the ''absolute'' deformation potentials of the VBM and conduction-band maximum ͑CBM͒. 1,2 of the pressure coefficients should be modified and that one should be cautious in using the absolute deformation potentials from previous calculations. 15, 16 
II. METHOD OF CALCULATION
We calculate the band-gap pressure coefficient ͓Eq. ͑1͔͒ via self-consistent local density approximation ͑LDA͒, 24 as implemented by the relativistic, linearized augmented planewave ͑LAPW͒ method. 25 We used the Ceperley-Alder exchange correlation potential 26 as parameterized by Perdew and Zunger. 27 The Ga 3d, In 4d, Zn 3d, Cd 4d, and Hg 5d, states are treated in the same footing as the other s and p valence states. A well-converged basis set of about 300 LAPW's per atom is used. The Brillouin-zone summation is performed using ten special 28 
where BЈ is the pressure derivative of the bulk modulus. The band-gap pressure coefficient is then obtained from a v ␣ and B using Eq. ͑3͒. To obtain the ''absolute deformation potential'' of the valence-band maximum state, we calculate the deformation potential of the transition between the VBM and the averaged cation and anion 1s core levels. We approximate that the cation-anion average of the absolute deformation potential of the localized 1s core state is negligible. The uncertainty due to this approximation is about Ϯ0.5 meV/kbar. 17 Before we study the chemical trends, we tested two common assumptions used in measuring the pressure coefficient.
͑a͒ Is E g linear with p or with ln v? It is customary to assume that the direct band gap E g is a linear function of either the relative volume change ln v or the pressure p. Equations ͑3͒ and ͑4͒ imply that it cannot both be right since BЈ is known to be positive, 6 i.e., the bulk modulus increases significantly as volume decreases. Figure 1 shows our calculated E g for GaAs as a function of ln v as well as a function of p. We see from Fig. 1 that to a good approximation E g is a linear function of ln v, but not a linear function of p. Indeed, dE g /dp decreases as p increases, while ϪdE g /d ln v increases only slightly as the volume decreases. This conclusion is consistent with experimental observations. 7, 30 At low pressure, one can fit E g (p) to a quadratic function
Using Eqs. ͑3͒ and ͑4͒, we find that ␤/␣ is bounded by 0ϽϪ␤/␣рBЈ/2B͑0 ͒. ͑6͒
For InP the measured values 30,31 Ϫ␤/␣ϭ0.002 kbar Ϫ1 , which is within the bound of 0 to 0.0034 kbar Ϫ obtained from Eq. ͑6͒. We find, however, that using Eq. ͑5͒ the fitted values ␣ and ␤ depend sensitively on the pressure range used in the fitting. 7 For GaAs, ␣ and ␤ values obtained using data between pϭ0 to pϭ200 kbar is about 5% and 50%, respectively, smaller than the values obtained by fitting the data near pϭ0. If one fits to a linear equation ͓i.e., set ␤ϭ0 in Eq. ͑5͔͒ ␣ obtained using data between pϭ0 to p ϭ200 kbar is almost 30% smaller than the value obtained by fitting the data near pϭ0.
͑b͒ Does a p ⌫Ϫ⌫ depend on whether it is zinc-blende or wurtzite structure? In our calculation we used the cubic diamond or zinc-blende ͑ZB͒ structure to obtain the pressure coefficients for all the compounds. However, the stable crystal structures for the nitrides and some of the II-VI compounds ͑CdS, CdSe͒ are wurtzite ͑WZ͒. It appears reasonable to assume that compounds in the WZ structure will have similar pressure coefficients as in the ZB structure, since the nearest-neighbor tetrahedral environment is similar in both structures. However, a recent calculation of Christensen et al. 32 using linearized muffin-tin orbital ͑LMTO͒ method found that for InN a p ⌫Ϫ⌫ ϭ3.1 meV/kbar in the WZ structure, but only 1.9 meV/kbar in the ZB structure. The difference was attributed to the extra structural degrees of freedom available in the WZ structure: the variation of E g due to the change in the ϭc/a ratio ͑where c and a are the hexagonal lattice constants parallel and perpendicular to the ͓0001͔ direction͒, and the internal structural parameter u. To test their results, we have repeated their calculation for InN. In the WZ structure
where all the quantities are calculated near equilibrium. We find that for WZ-InN ‫ץ/ץ‬ ln vϭϪ0.001 and ‫ץ‬u/‫ץ‬ln v ϭ0.030 are both very small ͑they are, of cause, equal to zero for ZB structure͒, thus the contribution of the last two terms in Eq. ͑7͒ to dE g /d ln v accounts less than 2%. The calculated bulk moduli ͑1498 kbar for the ZB structure and 1484 kbar for the WZ structure͒ are similar in both structures. Thus, the main difference between the ZB and WZ structures are due to the terms ‫ץ‬E g ‫ץ/‬ ln v in Eq. ͑7͒. 32 is not understood. We will use zinc-blende structure only in our following calculations. Table II gives the LDA calculated equilibrium lattice constants a, bulk moduli B, and pressure derivative BЈ of the bulk modulus. We find that our calculated lattice constants and bulk moduli agree very well with experimental data, 6 especially for III-V compounds. The LDA error for the lattice constants and bulk moduli are somewhat larger for the II-VI Zn compounds. Table III gives the LDA-calculated band-gap deformation potentials and pressure coefficients of the three main transitions ⌫ 8v˜X 6c , ⌫ 8v˜L 6c , and ⌫ 8v˜⌫ 6c . Comparing to experimental data, we find that the calculated band-gap pressure coefficients a p ⌫Ϫ⌫ are systematically ϳ1-2 meV/kbar smaller than the experimental values. The error seems to be larger for compounds with smaller band gaps. However, since the LDA errors are systematic ͑see discussion in Sec. VI on LDA corrections͒, the trends of the band gap pressure coefficient are well reproduced in the LDA calculation. We find that ͑i͒ a p ⌫Ϫ⌫ decreases as the ionicity increases, e.g., 
III. CALCULATED VALUES AND EMERGING TRENDS

͑3͒
For the common-cation system, since ⑀ s c Ϫ⑀ s a usually decrease as anion-atomic number increases ͑Fig. 2͒, Eq. ͑9͒ show that a v CBM tend to be larger for heavier anion compounds. This effect, however, is partially cancelled by the increase in the bondlength when the anion-atomic number increases. The net effect is that a v CBM has a relatively small variations with anion for common-cation system. The relatively big jump in a v CBM between nitride and phosphide ͑⌬a v CBM ϭ1.76 eV for Al X, 2.86 for Ga X, and 3.69 for ln X, XϭN or P͒ are attributed to the large energy differences ͑Fig. 2͒ between N 2s and P 3s orbitals ͑4.4 eV͒. The same arguments explains why Te compounds have larger a v CBM than Se compounds since Te 5s orbital energy is 2.1 eV higher than Se 4s orbital energy ͑Fig. 2͒.
͑4͒ For the common-anion system, the change in cation valence s orbital energy is not a monotonic function of the atomic number of cations in the same column of the Periodic Table ͑Fig. 2͒. For example, due to the incomplete screening of the valence d orbitals, 33, 34 the Ga 4s orbital energy is 1.3 eV lower than the Al 3s orbital energy and 0.7 eV lower than the ln 5s orbital energy. As a result, the magnitude of a v CBM for Ga X ͑XϭN, P, As, and Sb͒ are larger than Al X, even though they have similar bond lengths. The larger ͉a v CBM ͉ for Al X than for In X is due to the smaller bondlengths of Al X. The same argument explains why Hg X ͑XϭS, Se, Te͒ compounds has larger ͉a v CBM ͉ than Cd X even though they have similar bondlengths: Due to relativistic effects, the Hg 6s orbital energy is 1.2 eV lower than Cd 5s orbital energy ͑Fig. 2͒.
B. Volume deformation potential of the ⌫ 8v state
The change of the VBM states under pressure are due to the following three effects. ͑a͒ The kinetic energy effect, which moves the energy of the VBM higher under pressure. ͑b͒ The anion-cation pϪ p coupling effect, which lowers the energy of the VBM under pressure, since the VBM is a p Ϫp bonding state. The pϪp coupling increases with decreasing bondlength l and decreasing energy difference between the cation p and anion p orbital energies (⑀ p c Ϫ⑀ p a ).
Effects ͑a͒ and ͑b͒ partially cancel each other, so a v VBM are usually much smaller than a v CBM . ͑c͒ For compounds that have active d valence bands, there is also a pϪd coupling effect, 33, 34 which is often neglected in previous calculations. 20, 16 This coupling exist because in tetrahedral coordinated compounds, the p orbital and the d orbital have the same representation at ⌫ ͑⌫ 15v or ⌫ 25 Ј v ͒ thus they can couple and repel each other. Since the VBM is a pϪd antibonding state when cation valence d orbital energy is below the anion p orbital energy, pϪd coupling for these compounds make the energy of the VBM higher under pressure. The pϪd coupling increases with decreasing bondlength l and decreasing energy difference between the cation d and anion p orbital energies (⑀ p a Ϫ⑀ d c ). We find that ͑1͒ a v VBM decreases with anion atomic number due to the increase of the bond length. ͑2͒ Due to the p Ϫd repulsion effect, a v VBM are negative for Ga X and In X ͑XϭP, As, and Sb͒ and for Zn X, Cd X, and Hg X ͑XϭS, Se, and Te͒. ͑3͒ a v VBM are more negative for II-VI compounds where pϪd repulsion effect are large.
Our finding of negative a v VBM contradicts to common believe that a v VBM is always positive. 20, 16 However, our calcu- 16 where all the a v VBM are found to be positive. Our results also differ from the LMTO calculation of Cardona and Christensen, which apply the dielectric midgap energy model. They find that a v VBM are always negative, even for Al X and Si. Our calculated a v VBM for Si is 2.05 eV, similar to the ϳ2.2 eV value derived from ͑110͒ interfacial strain, 17, 35, 36 but differ from the Ϫ1.6 eV value from the LMTO calculation. 15, 37 Our calculated a v VBM for ZnS ͑Ϫ1.74 eV͒ is also much smaller in magnitude than the LMTO results ͑Ϫ4.10 eV͒.
C. Bulk moduli of semiconductor compounds
Cohen and coworkers 38 have show that the bulk moduli of the semiconductor compounds follow a simple power law
where k is nearly a constant and n is close to 3.5, increases slightly as the ionicity increases. Since for the diamond compounds the decrease in magnitude of a v ⌫Ϫ⌫ as a function of bond length l is in the order of ϳl Ϫ2 ͓Eq. ͑9͔͒, slower than the decrease of the bulk modulus B, a p ⌫Ϫ⌫ is expected to increase with atomic number for group-IV elements. Indeed we find the pressure coefficients increase from 4.9 meV/kbar for C to 15.7 meV/kbar for Sn.
D. Chemical trends in the pressure coefficient
Our analysis above indicate that sϪs and pϪp coupling enhance the pressure coefficient a p ⌫Ϫ⌫ , while the pϪd coupling reduces the pressure coefficient. The fast reduction of the bulk modulus as the bondlength increases enhances the pressure coefficients of compounds with large atomic size. Using these simple rules, we can explain the chemical trends observed from our calculation of the pressure coefficient of zinc-blende compounds:
͑i͒ 10.4, 9.8, and 8.2 meV/kbar for AlAs, GaAs, and InAs, respectively. Comparing AlAs with GaAs, which has similar lattice constants and bulk moduli, we find that GaAs has large sϪs coupling due to its smaller ⑀ s c Ϫ⑀ s a energy difference, but it also has larger pϪd coupling. The net effect is that a p ⌫Ϫ⌫ for AlAs is slightly larger than for GaAs. Comparing GaAs with InAs, we notice that pϪd coupling in both compounds are similar but the sϪs coupling is much larger in GaAs than in InAs, due to the smaller ⑀ s c Ϫ⑀ s a energy difference and shorter bondlength in GaAs. However, the bulk modulus of InAs is smaller than GaAs, due to its larger lattice constant ͓Eq. ͑10͔͒. The net effect is that a p ⌫Ϫ⌫ for InAs is reduced but only slightly relative to GaAs. Similar trends are found for other common-anion system, i.e., a p ⌫Ϫ⌫ decreases with increasing cation-atomic numbers. However, due to the cancellation of various effects, the change in a p ⌫Ϫ⌫ for common-anion system is relatively small comparing to common-cation system.
͑iv͒ We find that a p ⌫ϪL has similar trends as a p ⌫Ϫ⌫ , but the variation is smaller. The small variation in a p ⌫ϪL is due to the more complete cancellation between the reduced level repulsion and the reduced bulk modulus as bondlength increases.
͑v͒ We find that a p ⌫ϪX for the ⌫ 8v˜X 6c transition is usually small and negative, as predicted by the ''empirical rule. ' 
V. COMPARISON WITH EXPERIMENT
Our predicted chemical trends is consistent with most experimental data ͑Table III͒. However, there are some exceptions. For example, using linear composition-dependence assumption, Adachi 19 estimated that the pressure coefficient a p ⌫Ϫ⌫ for Al x Ga 1Ϫx As is 11.5-1.3x meV/kbar, i.e., for pure AlAs (xϭ1) its pressure coefficient is 1.3 meV/kbar smaller than GaAs. Our calculation, however, find that a p ⌫Ϫ⌫ for AlAs is about 0.6 meV/kbar higher than that for GaAs. We believe that the discrepancy between our theory and experiment 19 is due to the linear composition dependence assumption used in the experiment. To test this, we have calculated the band-gap pressure coefficient a p ⌫Ϫ⌫ (x) for random Al 0.5 Ga 0.5 As alloy using the special quasirandom structure approach. 40 The calculated results are fitted to a quadratic function
where the bowing coefficient b p ⌫Ϫ⌫ of the pressure coefficient is found to be 3.8 meV/kbar for Al x Ga 1Ϫx As. Since b p ⌫Ϫ⌫ is larger than the difference ͑0.6 meV/kbar͒ between the band-gap pressure coefficients of AlAs and GaAs, a p ⌫Ϫ⌫ will decrease initially as AlAs composition increases. Linear extrapolation from the Al-poor samples has the tendency of underestimating a p ⌫Ϫ⌫ (AlAs), thus, partially explains the experimental observation. 19 Bowing of the band-gap pressure coefficient has also been noticed in 3 Ga 0.5 In 0.5 P and in 41 GaN x As 1Ϫx alloys. In fact, due to wave function mixing at the band edge, we expect that bowing of the pressure coefficient should be a common phenomena, especially for alloys whose constituents has large valence-band offset ͑e.g., MgSe and ZnSe͒ and/or large size mismatch ͑e.g., GaAs and GaN͒.
VI. LDA CORRECTED BAND-GAP PRESSURE COEFFICIENTS
LDA calculation underestimates the band-gap pressure coefficient, as seen in Table III and other first-principles calculations. 42 To corrected the LDA error, we have adopted a simple method by adding an external potential 42, 43 to the LDA potential in solving the self-consistent LDA Schrodinger equations, so that the corrected band gaps are similar to experimental data 6 or quasiparticle results. 44, 45 The LDA corrected band-gap deformation potentials and pressure coefficients for the group-IV, III-V, and II-VI compounds are given in Table V . The pressure coefficients are obtained using Eq. ͑3͒ and experimental bulk moduli given in Table II . The uncertainty of our predicted values is about 0.5 meV/kbar, mainly due to the uncertainty in fitting the external potentials and uncertainty of the experimental bulk moduli used to derive the pressure coefficients. We see that after correcting the LDA error in the band structure, the predicted values of a p ␣ are in better agreement with experimental data ͑Table III͒. But the chemical trends are the same as in the LDA calculations.
VII. CONCLUSION
In summary, we have tested the validity of the ''empirical rule'' and studied the chemical trends of the band-gap pressure coefficients of all group IV, III-V and II-VI semiconductors. We also calculate the absolute deformation potentials of the VBM and CBM. We find that the volume deformation potentials a v VBM are small and negative for compounds containing occupied valence d state but positive for compounds without occupied valence d orbitals. Regarding the chemical trends of the band-gap pressure coefficients, we find that ͑i͒ a p ⌫Ϫ⌫ decreases as the ionicity increases, ͑ii͒ a p ⌫Ϫ⌫ increases significantly as anion atomic number increases, ͑iii͒ a p ⌫Ϫ⌫ decreases slightly as cation-atomic number increases, ͑iv͒ the variation of a p ⌫ϪL are relatively small and follow similar trends as a p ⌫Ϫ⌫ , and ͑v͒ the magnitude of a p ⌫ϪX are small; a p ⌫ϪX are usually negative, but are positive for compounds containing first-row elements ͑C, AlN, GaN, and InN͒. We suggest that the ''empirical rule'' 1,2 of the pressure coefficients should be modified and that one should be cautious in using the absolute deformation potentials from previous calculations. 15, 16 
